Site-specific labeling of covalently closed circular DNA was achieved by using triple helix-forming oligonucleotides 10, 11 and 27 nt in length. The sequences consisted exclusively of pyrimidines (C and T) with a reactive psoralen at the 5′-end and a biotin at the 3′-end. The probes were directed to different target sites on the plasmids pUC18 (2686 bp), pUC18/4A (2799 bp) and pUC18/4A-H1 (2530 bp). After triple helix formation at acid pH the oligonucleotides were photocrosslinked to the target DNAs via the psoralen moiety, endowing the covalent adduct with unconditional stability, e.g. under conditions unfavorable for preservation of the triplex, such as neutral pH. Complex formation was monitored after polyacrylamide gel electrophoresis by streptavidin-alkaline phosphatase (SAP)-induced chemiluminescence. The yield of triple helix increased with the molar ratio of oligonucleotide to target and the length of the probe sequence (27mer > 11mer). The covalent adduct DNA were visualized by scanning force microscopy (SFM) using avidin or streptavidin as protein tags for the biotin group on the oligonucleotide probes. We discuss the versatility of triple helix DNA complexes for studying the conformation of superhelical DNA.
INTRODUCTION
Intramolecular interactions between separated segments of a linear DNA sequence play essential roles in the reactivity of transcription factors with RNA polymerase complexes (1) (2) (3) (4) and in repressor-mediated DNA looping (5) . Various formalisms exist for predicting the probability of intramolecular interactions in DNA as a function of linear distance between the two sites, local structure variations, and superhelix density (6, 7) . However, experimental data regarding long range interactions are very limited, especially in the case of supercoiled DNA. Biochemical techniques, such as quantitative footprinting, have been used to characterize DNA looping (5) . However, these methods are limited to conditions under which the proteins are stably bound and thus are inadequate for monitoring (fast) interaction kinetics and topological transitions (6, (8) (9) (10) . In addition, many reactions of interest with respect to the topological state of DNA are not mediated by proteins. Due to these considerations, we undertook the introduction of stable and stochiometric labels into supercoiled DNA at specific sites, selected for subsequent interaction studies by physical techniques. In so doing we avoided procedures based on nicking of the circular DNA, as this step leads to a loss of the initial topological state.
A suitable method for site-specific labeling of DNA involves the formation of a triple helix consisting of a single-stranded probe bound within the major groove of a double-stranded target sequence (for a recent review see 11). Triple helix motifs have been studied by a variety of techniques, including footprinting (12, 13) , gel electrophoretic retardation (14) , vibrational spectroscopy (15) (16) (17) and NMR (18) . The triple helices used in our studies were based on oligopyrimidine probes generating the triplets T@A×T and C@G×C + , isomorphous in the Hoogsteen pairing geometry (denoted by the symbol ×) (19) . The oligopyrimidines bind in a parallel orientation with respect to the polypurine strand of the duplex DNA (13, 20) . Due to the requirement for hemiprotonated cytosine, complex formation is greatly favored at acid pH (≤ 6). The structure and energetics of DNA triplexes have been recently reviewed (11, 18, 19) .
Psoralen-based reactions are used extensively (21) , for example to form covalent links at the end of double helices (22) , attach oligonucleotides to specific sites in linear DNA (23, 24) , inhibit gene expression and replication (25, 26) , perform targeted mutagenesis (27) (28) (29) and study the mechanisms of DNA repair (27, 30) . The interstrand crosslinks are between the furan and/or pyrone sides of the psoralen (Fig. 2 ) and the 5,6 double bond of one or two thymines in the DNA, depending on the mode of attachment of the psoralen to the probe oligonucleotide (21, 23, 31) .
Psoralen (27) (28) (29) 32 and references therein) and biotin (33-35) have been applied individually in studies based on triplex structures. Their use in combination is the innovation featured in this report. Site-specific probes were attached to superhelical plasmid DNAs and their localization confirmed by restriction analysis and scanning force microscopy (SFM).
MATERIALS AND METHODS

Recombinant plasmids and oligonucleotides
Triple helix formation by pyrimidine oligonucleotides was studied in pUC18 and its derivatives pUC18/4A (36) and pUC18/4A-H1. For scanning force microscopy (SFM) we also used a relaxed pUC18 dimer (37) . Maps of the constructs used in this paper are shown in Figure 1 . The pUC18/4A-H1 plasmid was created by cloning a 27 bp purine@pyrimidine sequence [ Fig. 2 , Oligonucleotide (Oligo) 3], part of a long purine@pyrimidine tract from the human β-myosin heavy chain gene (38) , between the AatII and NarI sites of the pUC18/4A vector. Preservation of the two restriction sites was confirmed by sequencing. The plasmids were amplified in Nova Blue cells, isolated according to the QIAGEN plasmid purification method (based on the alkaline extraction procedure of Birnboim; 39) and purified by HPLC as described elsewhere (40) . The 5′-psoralen, 3′-biotin-substituted pyrimidine oligonucleotides (Oligos 1-3, Fig. 2 ; synthesized by Appligene, Heidelberg, Germany) were designed to recognize the target site by Hoogsteen base pairing in a parallel orientation with respect to the polypurine strand of the duplex. The psoralen was coupled to the nucleotide by a C6 (C12) spacer (Fig. 2) , included so as to facilitate intercalation after hybridization of the oligonucleotide to its complementary sequence.
Triple helix formation and photo-induced crosslinking
DNA solutions (∼55 nM DNA in 40 mM sodium acetate, pH 5.0, 50 mM MgCl 2 , 1 mM EDTA) were incubated with oligonucleotides at different molar ratios (2-to 40-fold molar excess) for 2 h at 37_C (total volume 40 µl). Photo-crosslinking was with UV light (Spectra Physics 2025-05 Ar + laser, 351 nm, 150 mW/cm 2 ) for 30 s. After irradiation the pH was adjusted to 7.5. The plasmid DNA was digested with HindIII/NdeI or PvuII/SspI restriction endonucleases and the fragments analyzed on a 1.5% agarose gel. HaeIII-digested triple helix DNA was analyzed on a native 8% polyacrylamide gel. The expected restriction fragments from the HaeIII digest are listed in Table 1 for the three plasmids used here. We note that pUC18/4A contains a permanently curved insert (36) in the 272 bp HaeIII fragment, which therefore runs slower than the 298 bp fragment. Blotting was on Hybond N + membrane (Amersham, Braunschweig, Germany). Polyacrylamide gels were electroblotted semi-dry (3.5 mA/cm 2 , 30 min, in 45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.0) and agarose gels were blotted by capillary transfer in 0.15 M sodium citrate, pH 7.0, 1.5 M NaCl. The biotinylated triple helix was detected by streptavidin-alkaline phosphatase (SAP) (Sigma, Deisenhofen, Germany) induced chemiluminescence of disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2′-(5′-chloro)tricyclo[3.3.1.1 3, 7 ] decan}-4-yl) phenyl phosphate (CSPD) (Boehringer, Mannheim, Germany), detected on Hyperfilm-ECL (Amersham).
Scanning force microscopy (SFM)
The supercoiled pUC18 dimer was relaxed and linearized for SFM with topoisomerase I (Boehringer) and AlwNI (New England Biolabs, Schwalmbach, Germany) respectively. The triple helix DNA sample was labeled with streptavidin-alkaline Structure of the triple helix-forming oligonucleotides (n, number of nucleotides). C6 and C12 are spacers, containing 6 and 12 methylene groups respectively, bridging the oligonucleotide to 5-methoxypsoralen. Oligo 1 (n = 10) psoralen-C6-5′-CTTTCCCCCT-3′-biotin; Oligo 2 (n = 11) psoralen-C12-5′-CCCTTCCCT-CT-3′-biotin; Oligo 3 (n = 27) psoralen-C6-5′-TTCCTCCTTCCTTCCTTCCTTCCTCCC-3′-biotin. Table 1 . List of fragments generated by HaeIII digestion of pUC18, pUC18/4A and pUC 18/4A-H1
Note that the 272 bp fragment of pUC18/4A migrates actually slower than the 298 bp fragment (see gel in Fig. 3A ), since this fragment contains a curved insert (36) .
phosphatase (SAP) and with streptavidin-conjugated 5 nm colloidal gold (Sigma) and purified by passage through a Sepharose CL4B (Pharmacia) spin column. The latter was equilibrated with 10 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM MgCl 2 . The sample was desalted on a Sephadex G-50 medium spin column equilibrated with water from a MilliQ system (Millipore, Eschborn, Germany). SFM samples were prepared by the microdrop spreading technique in the presence of nanomolar cethylpyridinium chloride (for details of the spreading procedure see 37). Alternatively, samples were prepared by the magnesiummediated adsorption technique (41) . A 10 µl drop of DNA solution (∼2 nM DNA in 10 mM Tris-HCl, pH 7.8, 20 mM NaCl, 10 mM MgCl 2 ) was placed on a freshly cleaved mica surface, immediately washed extensively with MilliQ water and blown dry with nitrogen. The samples were scanned with a NanoScope III multimode SFM (Digital Instruments, Santa Barbara, CA) operated in the tapping mode using a J scanner with a 135 × 135 (x,y) × 5 (z) µm scan range. We used microfabricated silicon tips integrated into triangular cantilevers with a sensitivity (dF/dz) of ∼0.1 N/m and a resonance frequency of ∼160 kHz (Ultralevers; Park Scientific Instruments, Sunnyvale, CA). Images were obtained in the topographic (isoforce) mode. Measurements were performed in air (relative humidity 15-50%) at room temperature (18-27_C). The tip load was minimized by adjusting the damping amplitude to a minimum value. Images (512 × 512 pixels) were taken at a 5 Hz scan frequency.
RESULTS
Strategy for site-specific labeling of supercoiled DNA
Our particular requirements were as follows: (i) sequence selection for site-specific recognition of the supercoiled target; (ii) covalent fixation of the probe at the site of triplex formation; (iii) incorporation of a tag for recognition and manipulation in subsequent studies.
The first requirement was achieved by formation of a triple helix consisting of a single-stranded probe bound within the major groove of a double-stranded target sequence (for a recent review see 35) . We identified unique plasmid polypurine@polypyrimidine sequences of 11-27 nt (Fig. 2) . The second requirement was met by derivatizing the probe with psoralen, a heterocycle with the capacity to intercalate in the target duplex DNA comprising the triplex and crosslink to it by formation of a monoadduct or a diadduct upon exposure to near-UV light. The photoreaction is performed at low pH, following which the ionic conditions can be varied at will. The final requirement was achieved by providing the oligonucleotide probes with a terminal biotin, a highly specific ligand for antibodies and the binding proteins streptavidin and avidin (42) . The biotin on the target molecules can be localized by high resolution imaging techniques (33) and also serves as a 'hook' for the introduction of further labels, e.g. gold colloids, fluorophores or reactive groups.
Photochemical crosslinking of the psoralen/biotinderivatized oligonucleotide stabilizes the triple helix DNA structure and permits unambiguous detection This study was based on the use of bifunctionalized psoralen/biotin-modified oligonucleotides differing in length and sequence to establish and visualize triple helical structures in supercoiled DNA (Fig. 2) . The stability and specificity of the triple helices depended on the length and sequence of the oligonucleotide (see below). The target sites of Oligo 1 and 2 ( Fig. 2) were native to pUC18. A complementary sequence for the longer Oligo 3 was cloned into an A+T-rich restriction site of pUC18/4A. Formation of the triple helix motif [pyrimidine (py)@purine (pu)×py was facilitated by the presence of Mg 2+ and required acidic pH, due to the necessity for protonation of cytosines in the third strand in order to achieve stable Hoogsteen base pairing with the purine strand of the duplex (see Introduction). The initial step of intercalation and formation of photochemical mono-or diadducts of the psoralen moieties attached to the oligonucleotide probes required stacked A+T tracts adjoining the target sequences (21) .
Monitoring triple helix formation was readily achieved by the biotin-streptavidin labeling technique and blotting (Fig. 3) . The photo-crosslinked biotinylated triple helix was located in the DNA fragments via SAP enhanced chemiluminescence [ECL (enzyme linked chemiluminescence)] (e.g. Fig. 3B and C, lanes 4+). Non-crosslinked species failed to elicit a signal, indicating that the oligonucleotide did not remain attached to the DNA under the pH conditions used for gel electrophoresis (Fig. 3B and C, lanes 4-). This result was in correspondence with the pH dependence of triplex formation, which required acidic conditions (pH < 6.5). At higher pH no significant level of biotin was detected in DNA fragments after submitting the DNA to the photo-crosslinking procedure (data not shown).
The yield of triple helix DNA increases with oligonucleotide:target ratio
The electrophoretically separated HaeIII digestion fragments of the triplex complexes of Oligo 1 with pUC18 (or pUC18/4A) are shown in Figure 3A . The biotin-containing bands were identified by chromogenic detection (ECL) after blotting the same gel (Fig.  3B) . The corresponding data for Oligo 2 are given in Figure 3C ; because the restriction pattern was the same for both gels underlying the blots, only the ECL film is presented. In Figure 3A a band shift of the 102 bp fragment in the HaeIII digestion pattern was evident (fragment 102*). This fragment had a target site for triple helix-forming Oligo 1. The retarded 102* fragment also appeared on the ECL film (Fig. 3B) , implying that the gel retardation was due to the photo-crosslinked triple helix structure. The electrophoretic mobility of the 102* fragment corresponded to that of a 150 bp standard marker DNA, i.e. the retardation accompanying triplex formation was much greater than expected on the basis of the increased molecular mass alone. However, the mobility of oligonucleotides is very sensitive to molecular conformation as well as to size. At the neutral pH of electrophoresis we would expect the triple helical structure to have been destabilized, such that the oligonucleotide linked to the center of the double-stranded DNA fragment would protrude laterally from the backbone due to electrostatic repulsion. As a consequence, the corresponding retarding effect on migration through the pores of the gel would be significantly greater than on a molecule attached to the end of the double-helical segment. For the 222 bp fragment with the attached probe (see below) the gel mobility was that of a 330 bp linear standard.
Different molar ratios of oligonucleotide:target DNA were used for triple helix formation with pUC18 and pUC18/4A. The intensity of the blotted gel bands increased at higher molar ratios (see for instance the 434 bp fragment in Fig. 3A, lanes 2+, 3+ and  4+ ). It is evident that only a minor fraction of the 102 bp fragment could be labeled and detected with the triple helix and saturation was not achieved even with a 40-fold molar oligonucleotide excess. From these results we conclude that quantitative triple helix formation requires a large excess of oligonucleotide, in agreement with data reported in other studies (13, 23) , in which up to a 50-to 500-fold molar excess was employed under equilibrium conditions. We did not observe a background signal from psoralen crosslinks at random intercalation sites, from which we conclude that triple helix formation was thermodynamically controlled (see also Discussion). Damage (nicking or fragmentation) of the plasmid DNA by irradiation was not observed.
Oligo 1 also bound to the 434 bp fragment containing a similar target sequence but with one mismatch (Fig. 3B) , a result similar to that observed with Oligo 2 under the same conditions (Fig. 3C) . In fact, Oligo 2 appeared to bind even better to regions located in the 587 and 434 bp fragments than to the expected target region in the 298 bp fragment. The latter sequence (with one mismatch) was initially chosen for investigation of the mismatch binding activity of the triple helix-forming oligonucleotide probes. We are unable to rationalize the binding behavior of Oligo 2, inasmuch as alternative binding sites are not evident from sequence comparisons. Qualitatively one could argue that the presence of a mismatch between the probe and the target sequence should reduce the stringency of triplex formation; a single mismatch lowers the free energy of triplex formation by ∼1-2 kcal/mol (43, 44) . Using a C12 spacer between the psoralen moiety and the oligonucleotide in order to minimize steric hindrance did not affect the yield of triplex DNA formation (data not shown). Varying the buffer composition (Zn 2+ or Mn 2+ instead of Mg 2+ or addition of spermine and spermidine) did not affect the binding specificity of Oligos 1 and 2.
Intense, rapidly migrating bands appeared at the higher concentrations of oligonucleotide ( Fig. 3B and C) , which changed in mobility after UV exposure. Less of these small molecular weight species were observed in the presence of plasmid DNA than in its absence (Fig. 3B, lanes 4+ and 0+) . These bands probably corresponded to free oligonucleotide undergoing self-crosslinking or some other photochemical process leading to oligomerization. Surprisingly, in the presence of plasmid DNA appreciable amounts of the small molecular weight bands were detected only at a 40:1 molar excess of oligonucleotide, while the bands at 20:1 were very weak and at 10:1 almost undetectable. We can rationalize the low apparent detection sensitivity by invoking a relatively poor blotting efficiency for the monomeric oligonucleotide and some degree of photochemical degradation of the biotin moiety. In addition, we infer that specific and non-specific oligonucleotide-plasmid DNA interactions hinder competing crosslinking reactions of the free oligonucleotide. Further kinetic studies of the crosslinking process are required to elucidate the binding/crosslinking mechanism in greater detail.
A longer triple helix-forming oligonucleotide exhibits higher sequence specificity
The formation of a triple helix of Oligo 3 with pUC18/4A-H1 is featured in Figure 4 . PvuII and SspI have unique cutting sites flanking the target sequence of the 222 bp restriction fragment, which was detected by ECL (Fig. 4B) . Since the number of For all matches the sequence flanking bases at the 5′ end (psoralen crosslinking site) are listed. Mismatches for oligonucleotide triplex formation are indicated by *. The positions in 5′!3′ direction correspond to the restriction map of pUC18 (or pUC18/4A108). Bold/italic marked fragment lengths correspond to those positions where the label was detected after blotting. cytosines per unit length was nearly constant for all types of oligonucleotides used in this study, the specificity was enhanced by sequence complementarity, i.e. mismatch binding and photocrosslinking were highly unfavorable for the longer complementary sequence. The position of the 222 bp fragment varied with the relative concentration of Oligo 3 (Fig. 4A , lanes 1-5*+, 222* bp fragment), a behavior similar to that of Oligo 1 (Fig. 3A) . At ratios >20:1 ∼80% of the 222 bp DNA fragment was located in the retarded gel band. This observation correlated with the increased ECL intensity of the 222 bp fragment of the retarded gel band (Fig. 4B) . We conclude that photo-crosslinking with the 27mer Oligo 3 was more efficient than with the shorter Oligos 1 and 2.
It is apparent, however, that length of the target sequence was not the only factor determining the site specificity for the combined process of triplex formation and photo-crosslinking. Table 2 lists a number of possible candidate mismatch binding sites. While some of the mismatches found (e.g. HaeIII/434 fragment for Oligo 1, HaeIII/434 and 587 for Oligo 2) were identified by this search, there was certainly no quantitative correlation between the binding affinity and the number of mismatched bases, nor with the presence/absence of the favored psoralen intercalation site 5′-TpA-3′ near the 3′-end of the polypyrimidine tract of the target sequence. We can hypothesize that binding specificity might be further modulated by the superhelicity and the presence of substitutions at both ends of the oligonucleotide probe. For practical labeling applications one should assess the specificity of the triplex in every given case.
SFM reveals the target position of the oligonucleotide with a protein specific for biotin
Complexes of triple helix-forming Oligo 3 and supercoiled pUC18/4A-H1 (molar ratio 1:20) were tagged with streptavidin conjugated to 5 nm colloidal gold and examined by SFM after purification, spreading and drying of the sample (Fig. 5A) . The DNA appeared decondensed, probably due to the immobilization and/or due to air drying. A minority of molecules carried one oblate protrusion (indicated by the arrows in Fig. 5A ) ∼4 nm in height (from surface profile measurements; data not shown), somewhat less than expected for the gold-conjugated protein tag. We presume that the gold particle desorbed from the streptavidin during complex purification. The SFM image in Figure 6B exhibits a field of molecules of triple helix-forming Oligo 1 and relaxed pUC18 dimer (molar ratio 10:1) labeled with SAP. A minority of the dimer DNA molecules carried only one label. Two labels were rarely observed (an example is shown in Fig. 6A ). The SAP label usually appeared as an oblate shape ∼4 nm in height and ∼15 nm in width (Fig. 6B) ; resolution of its substructure was not achieved. From the SFM data we estimate a streptavidin binding efficiency of ∼10%, independent of the sample preparation method and of the oligonucleotide excess applied (≥ 40:1). We tried to image the triple helix complex without the protein tag, but could not identify any obvious surface corrugation or thickening along the DNA contour. However, the structural change expected from a 3-10 nm oligonucleotide (assuming 0.34 nm/base) is very close to the resolution limit given by the profile of the scanning tip (tip diameter ∼5 nm).
SFM images of the complex of SAP and triple helix pUC18 monomer were obtained after linearization of the dimeric plasmid ( Fig. 6C and D) . By contour length measurement the triple helix binding site was located ∼300 nm from one end of the linearized DNA (total length ∼930 nm, consistent with the length expected for B-DNA), in good agreement with the known position of the target site. Contour measurement was hampered by the bulk of SAP, which covers a distance of ∼15 nm along the DNA. Our SFM results indicate that identification of the target site by use of a smaller label is possible, thereby providing greater accuracy in localization of the targets.
DISCUSSION
This study was directed at the sequence-specific labeling of supercoiled DNA by triple helix formation and psoralen photocrosslinking under equilibrium conditions. The triple helix structure at neutral pH is unstable because of the deprotonation of cytosines, an effect that cannot be hindered by the intercalated psoralen moiety. Using the latter to crosslink the probe and target DNA, however, creates a covalent attachment which persists at neutral pH, a condition under which the oligonucleotide presumably separates from the target and thus renders the biotin more accessible for binding by avidin or streptavidin. Since the latter has an extremely high affinity for biotin (K ass ∼10 15 M; 45), a stoichiometric tagging of the crosslinked oligonucleotide is expected.
The kinetics of triple helix formation may play an important role in the efficiency of labeling. The simplest mechanism consists of a nucleation event (involving only a few nucleotides), followed by a propagation step, as in the case of a coil-helix transition involving complementary strands of DNA. In the present system the kinetic scheme is more complex due to superposition of the psoralen intercalation/crosslinking reactions on the DNA-DNA association mediated by Hoogsteen base pairing. The rather poor yields we experienced in our restriction mapping may have resulted from inefficient binding of the triple helix-forming oligonucleotides Oligos 1 and 2, an unfavorable equilibrium for psoralen intercalation due to stereochemical factors or the choice of conditions (modifications of which appear to lead to greater efficiency in the latest studies of this sort). These difficulties contributed to the low labeling efficiency of avidin/ streptavidin for SFM imaging of the protein-tagged complex. In addition, one has to consider loss of the protein tag during the spreading procedure.
Thermodynamically the specificity and stability of the complexes are directly related to the sequence (length and composition) of the probes (11) . In order to achieve a higher specificity than that provided by the 10mer or 11mer we used a 27mer oligonucleotide that indeed resulted in a higher yield of crosslinked product (Fig.  4) . However, oligopyrimidine stretches of such length are rarely observed in natural DNA and thus such probes are not of general applicability. Triple helix formation with mixed purine·pyrimidine sequences (12, 46, 47) are being studied. Our results would suggest that photo-crosslinking would be more efficient if the specificity of the oligonucleotide could be increased.
What are the implications of triple helix structures for conformational investigations of supercoiled DNA? Triple helix formation might permit the extension of current in situ hybridization techniques to the in vivo situation, using fluorescent psoralen-containing probes applied to cell nuclei and imaged by fluorescence microscopy; such approaches are under current investigation. However, a major application of the method presented here will be in the double labeling of supercoiled DNA and condensed DNA to conduct measurements of intramolecular interactions. Changes in the spectrum of internal motions upon exposure of supercoiled molecules to different environmental conditions or in the presence of permanent bends in DNA helix should be observable.
